Abstract A two-level homogenization approach is applied for the micromechanical modelling of the elastoplastic material behaviour during various strain-path changes. A mechanical description of the grain is developed through a micro-meso transition based on a modified elastoplastic self-consistent approach which takes into account the dislocation evolution. Next, a meso-macro transition using a self-consistent model is used to deduce the macroscopic behaviour of the polycrystal. A correct agreement is observed between the simulations and the experimental results at the mesoscopic and macroscopic levels.
Introduction
During sheet metal forming, the material undergoes complex strain-path changes with large strains. These processes are often limited by damage, striction, structural instabilities or localized deformation (shear bands) [1] . Optimizing such technologies requires a good knowledge of the mechanical behaviour and an accurate modelling of the plastic anisotropic behaviour of deformed materials. The prediction of mechanical properties, in particular, work hardening is one of the most challenging exercises for material sciences. Many experimental studies have shown that changes in strain-path, which are usual in multiple-stage forming processes, can also lead to plastic anisotropy following the transition [2] [3] [4] [5] [6] . The transition region is often characterized by a change of the flow stress and the work hardening rate, which have significant influence on the formability of the material. This kind of anisotropy results from the evolution of the dislocation microstructure made up of cells (with a relatively low dislocation density) and walls (with a higher dislocation density) [7, 8] .
The development of crystal plasticity models [9, 10] , where the distribution of the crystal orientations in the given material and the geometry of the available slip systems, in the given crystals, are taken into account explicitly, opens the possibility of characterizing more accurately the mechanical behaviour using an adequate polycrystalline model (e.g. a Taylor model or a self-consistent scheme) [11] [12] [13] . The local behaviour (at the grain level) is based on the assumption of uniform deformation neglecting the formation of the dislocation microstructure. These approaches permit to predict correctly the yield surface, the crystallographic texture linked to the plastic deformation, the intergranular stresses due to the initial and induced anisotropy during monotonic loadings [14] [15] [16] [17] . Nevertheless, this kind of description fails to reproduce the mechanical behaviour during changing strain paths [18] . These methods do not, or weakly, take account of the formation, the evolution and the stability of induced dislocation microstructures which are strongly path dependent.
Recently, several studies were performed to develop models which incorporate the effects of dislocation heterogeneities on the mechanical response of a metallic material (see for example Ref. [19] [20] [21] ). The first attempt to model the dislocation microstructure was proposed by Mughrabi [22] who introduced a model in which the crystal is considered as a composite consisting of hard dislocation walls of high local dislocation density which are separated by soft regions of low local dislocation density. Peeters et al. [23] devel-oped a semi-phenomenological crystal plasticity model that incorporates more details of microstructural evolution at the grain scale (evolution of dislocation densities) and used a full-constraint Taylor model to describe the behaviour of b.c.c. polycrystals. Karaman et al. [24] have used a similar approach so as to model successfully the deformation of hadfield steel with a viscoplastic self-consistent scheme. Viatkina et al. [25] employed a micromechanical model of a dislocation cell structure accounting for the material inhomogeneity and incorporates the internal stresses in a physicalbased manner. A composite model is employed to describe the material with its dislocation cell structure. This approach was successfully applied to predict the macroscopic behaviour of f.c.c. alloys after various strain path changes. The concept of non-local hardening (the yield stress of the walls increases with the plastic strain of the cells) related to the two-phase cells structure was introduced, for the first time, by Muller et al. [26] and developed later by Lemoine et al. [27, 28] with a two-scale homogenization based on a polycrystaline model. The morphology of the dislocation structure is taken into account by the authors. The different numerical results concerning complex path loads seem to show a better description of the influence of the dislocation structure.
In a previous work [29] , based on the approach proposed by Muller et al. [26, 27] , the present authors have extended the elasto-plastic self-consistent model (EPSC) by incorporating more details of the microstructure at the grain scale. More precisely, a micro-mechanical description of a single-crystal was developed through a micro-mesoscopic transition. The grain was considered as a two-phase material (dislocation walls and cells). Dislocation densities on each slip system were considered as internal variables and a hardening matrix, taking account of the different dislocations interactions, was proposed. Next, a meso-macroscopic transition, using the EPSC method [11] , was applied to deduce the macroscopic response of the f.c.c. aggregate. The simulations based on the developed model demonstrated its capability to predict the experimental response of the observed material after moderate strain-path changes.
Nevertheless, a simple Kroner's approach was applied and adapted considering each grain as a two-phase material. This scheme considers the plastic incompatibility as a "stress free" strain [30] leading to pure elastic mechanical interactions. Consequently, the internal stresses are strongly overestimated since "plastic" accommodation around the inclusion (cell or wall) is neglected. Based on a useful (and crude) assumption of plastic accommodation proposed by Berveiller and Zaoui [31] , a plastic accommodation factor α T has been introduced. This factor has been used afterwards with an additional assumption concerning α T : it was supposed to be independent of the plastic flow and α T = 1/10. This approximation permitted to simulate the mechanical response of real metals with reasonable computer time. This approach has been taken on the grounds of simplicity. On the other side, this formulation cannot describe correctly the cell-wall interactions and must be taken as a convenient 'first approximation' investigation.
The main objective of this paper is to enhance the twoscale transition model developed in Gloaguen et al. [29] with an improved description of the mesoscopic (at the grain level) elastoplastic behaviour with the more realistic selfconsistent (SC) approach. The attention is focused on the development of a model which incorporates with more accuracy the effects of dislocation heterogeneities on the mechanical response of a metallic material. The intragranular heterogeneities are taken into account by a new nonlocal work-hardening linked to the two-phase description. The expressions of the hardening laws and the local elastoplastic behaviour have been determined taking into account internal variables like dislocation densities on each deformation system, phase and volume fraction of the cells. The cell structure model has been enhanced by evolution equations for the dislocation density. In order to verify the model, different experimental results with complex loading paths on singlecrystals and polycrystals have been used here. In this paper, the two-scale transition approach is considered for f.c.c. and b.c.c. metals containing a cell structure.
Two-level homogenization approach

Micro-meso transition scheme
For obtaining the overall response of a heterogeneous medium, we used the average-field theory (or the mean-field theory). This theory is based on the fact that the effective mechanical properties measured in experiments are relations between the volume average of the strain and stress of microscopically heterogeneous samples. Hence, macrofields are defined as the volume averages of the corresponding microfields, and the effective properties are determined as relations between the averaged microfields. In our analysis, we consider single-phase polycrystals such as f.c.c. and b.c.c. metals. Based on the work of Mughrabi [22] , each grain is treated as a two-phase composite consisting of cell walls of high dislocation density and cell interiors relatively poor in dislocations [7] . In each phase, it is assumed that slip is the predominant deformation mechanism and that Schmid's law is valid. The elastic behaviour of both phases is assumed to be the same. The one-site SC model (for more details, see [30] [31] [32] [33] [34] ) is based on the solution of an ellipsoidal inclusion representing a given phase (cell walls or cells), embedded in a homogeneous equivalent medium (HEM). For the case of a two-phase composite, the inclusion represents cell interiors or cell walls and the HEM, the grain. The consistency conditions (global compatibility and equilibrium) require that the average of the local fields over the volume of the grain should be equal to the mesoscopically imposed ones. These averages represent the fields of the HEM. The SC formulation allows each phase to deform differently, according to its properties and depending on the strength of the interaction between the phase and its surroundings (via the Eshelby tensor). In this sense, each phase is in turn considered as an ellipsoidal inclusion surrounded by a HEM which have the average properties of the grain. It should be noticed that the phase state is characterized by the initial shape and orientation of the ellipsoid corresponding to a phase. The interaction between the inclusion and the HEM is solved by means of the Eshelby formalism. The HEM properties are not known in advance, but have to be calculated as the average of the individual phase behaviours, once convergence is achieved. The presented model is formulated with the assumption of small deformation theory.
Respectively describing the mean strain in the cells (c) and walls (w) by ε c and ε w , the deformation ε within the grain can be written from the usual rule of mixture by:
where f c (respectively f w = 1 − f c ) is the volume fraction of cell interiors (respectively cell walls) in a grain. Using this mixture rule for stress, one has:
The slip systems are defined by the unit normal to the slip plane n g α (the subscript 'α' stands for walls 'w' and cells 'c') and the slip direction m g α . Ifγ g α denotes the slip rate on active system g, the plastic strain rateε pα is given by:
With progressing strain, a dislocation cellular arrangement expands, composed of cell walls with high dislocation density which enclose cell interiors of low dislocation density. Dislocation sources, inside the material, generate mobile dislocations which interact with dislocations in the cell walls and increase dislocation density in this region. Few dislocations accumulate within cells. The annihilation of dislocations is mainly localized inside walls due to the rearrangement of dislocations associated with the plastic strain inside walls [34] . Finally, the plastic glide in cells increases dislocations and the critical shear stress in the walls. This is the non-local hardening concept introduced by Muller et al. [26] .
In the general case, the non-local hardening laws can be written for a two-phase composite as follows [29] : and H gh ww are the hardening matrices describing interactions between dislocations moving on various slip systems. For an appropriate representation of the hardening behaviour, these matrices are expressed with microstructural variables such as dislocation density. The constitutive laws of dislocation evolution are generalised in a density context. The equations are formulated to describe the average behaviour of a large number of dislocations in a 'continuum' material point. The following evolution equations for the dislocation density in metals, are used [35] :
with:
ρ g+ w corresponds to the rate of increase of dislocation density inside the walls on the system g. This term is responsible for the creation and the development of the cell structure. This flux consists of dislocations that glide towards walls through the applied stress.ρ g− w is the annihilation term which takes into account the dynamic recovery during the deformation. b is the magnitude of the Burgers vector and y c is proportional to the annihilation distance of dislocation dipoles. L g is the mean free path of mobile dislocations in the cell interiors associated to the deformation system g. Its evolution is governed by the density of point obstacles (essentially cell walls) cutting the system g and creating interactions with gliding dislocations. Therefore:
where k L is a material constant. The density of immobile dislocations within the cell ρ g c is assumed to be constant with the deformation.
The CRSS can be related to the dislocation densities by the hardening relation [36] :
where τ g cr 0α is the initial reference shear stress on system g, ξ is a constant depending on the interaction of dislocations (ξ ∈ [0.25-0.6]). According to Franciosi et al. [36] , a gh is a hardening matrix which terms depend on the type of interactions between dislocation families g and h. Only two terms, a gg and a gh g =h (respective self-and cross-hardening parameters), will be considered. ρ h α is the dislocation density in the phase α.
Differentiating Eq. 8 with respect to time and considering Eqs. 6 and 7, the work-hardening matrices H gh ww and H gh wc are: (10) Because of the low accumulation of dislocations inside cells, H gh cc is simply described by a constant. The influence of walls on the evolution of dislocations in cells can be considered as negligible. Finally:
where ς is a constant. During the plastic regime, the variation of the cell interior volume fraction for a grain I is considered as a function of the accumulated slip through the following empiric relation [28] :
where f 0 is the initial volume fraction and f ∝ the saturation value at large strains. γ par is a parameter which describes the decrease rate of f cI . γ acc cI is the accumulated slip in the cell in the grain I . This relation allows to take the intergranular plastic heterogeneity into account. The volume fraction of cells for each crystallite develops differently, in relation to the effect of the grain orientation. It only depends on the plasticity activity. In the remainder of the paper, the cell volume fraction will be denoted f c instead of f cI .
Following Schmid's law, the plastic glide on a slip system g is possible if the resolved shear stress τ g α reaches a critical value τ g cr α which depends on the hardening state of the slip system. Since this necessary condition is insufficient, a complementary condition has to be checked simultaneously: the increment (rate) of the resolved shear stress must be equal to the increment of the critical one. This can be written on the form:
where A..B denotes the double scalar product A i jkl B kltu using the Einstein summation convention. The main problem with the EPSC model is to determine which combination of slip systems will actually be activated at each step of the plastic deformation path. In this case, all the possible combinations of potentially active systems must be scanned to find one that satisfies the two previous (Eq. 14) conditions simultaneously. Because this must be done for the two phases of each grain, running time considerations become the main task of the model. Recently, Ben Zineb et al. [37] have proposed a new formulation. This one was extended to the polycrystalline model framework by Lorrain et al. [38] . The accuracy of the simulations was also evaluated at the mesoscopic and the macroscopic levels by referring to mechanical experiments (tensile tests, neutron or X-ray diffraction) [13] . The main challenge in the present context is to adapt this formulation to the case of a two-phase composite with a non-local hardening behaviour. Based on the work of Ben Zineb et al. and the Eq. (4), the slip rate on a system g for each phase can be expressed with the following equations:
K gh cc and K gh ww are given by:
where k is a material constant [39] .
Since the influence of walls on the evolution of dislocations in cells is negligible, K g cw is assumed to be equal to 0. The last parameter K g wc , corresponding to the non-local contribution from the cells to the walls, is defined by:
The parameter κ (κ<1) quantifies the strength of the nonlocal hardening and consequently the influence of the cells on the walls. This parameter depends on the studied material (b.c.c or f.c.c), the initial dislocation microstructure and the mechanical test. Using the relations (14) and (15), the slip rate on a system g, for the cell and wall regions, becomes:
By using the usual generalized Hooke's law, the stress rate for each phase is obtained:
c is the elastic constant tensor at the grain level. Using the relations (18) and (19) the slip rate for each phase is given by:
After some calculations, one obtains the following matrix form:
where δ gh is the Kronecker's delta. It should be noticed that the subscripts g and h vary from one to N (N : number of active systems for each phase. N = 12 for f.c.c and 24 for b.c.c metals) for each term of the expression (21) . Developing (21) , the slip rate is given by:
where the matrix M 
One can deduce the expression of the stress rate tensors:
Using (24), we can write again the stress tensors in a condensed form as following:
where cc , cw , wc et ww are the microscopic tangent moduli tensors corresponding to a two-phase non-local material. These tensors depend on the local and non-local hardening matrices which are expressed explicitly with microstructural variables like dislocation density. However,H 
The stress rates at the microscopic and mesoscopic scales are linked by:
Using (25) and (27) and after some calculations, one can find:
The tangent properties of the single-crystal are given by the tensor .
In what follows, we assume the existence of a strain rate localization tensor linking each phase's mean strain rate with the corresponding grain's one:
These tensors are given by:
where I is the fourth order identity tensor, αα = αα − and s esh , the classical Eshelby tensor at the grain scale. This tensor takes into account the effect of inclusion morphology upon the average plastic crystal behaviour. Replacing the expressions ofε α into (28), the stress tensor at the mesoscopic scale is given by:
The tensor has a complex form in the two-phase composite framework compared to the pure single crystal constitutive relation [39] . It depends on active systems, elastic properties, inclusion morphology, stress rate and deformation history of each phase. The Eq. (32) is a non-linear implicit equation which is solved by iteration. This model involves calculating the tensor once for each grain in each deformation increment, rather than just once per increment in the 'classic' EPSC model, and is therefore much more expensive in computer time.
Meso-macro transition scheme
To complete the two-scale transition model, the overall constitutive relationship for the polycrystal must be determined. It can be deduced from Eq. (32) using homogenization procedures. In this paper a SC approach is also adopted to perform this homogenization (for more details, see [10, 11, 14, [30] [31] [32] [33] [34] ). Figure 1 illustrates the two-stage SC model developed in this work. Using L, the macroscopic tangent moduli tensor, the global behaviour of the material can be described as:
whereĖ and˙ are the overall strain rate and stress rate on the material. The strain rate at the mesoscopic and macroscopic scales are linked by a localization tensor A:
where S esh is the Eshelby tensor at the macroscopic scale. It takes into account the interaction between grains and the homogeneous equivalent medium. corresponds to the modulus defined in Sect. 2.1. After some calculations one can obtain:
The volume averages of the local stress and strain tensors must coincide with the overall strain and stress. These conditions give the tensor L as a weighted average of the mesoscopic tensor :
Like Eqs. 32, 36 is a non-linear implicit equation. This equation can be solved by iteration. Once L is known, by specifying an overall stress or strain increment, the model can give the corresponding stress and strain tensors for each orientation. Therefore, the mechanical response of the polycrystal can be completely described at the different levels of the polycrystal.
Numerical analysis
Micro-meso transition scheme
The performance of the enhanced model is verified here for single-crystals and polycrystals metals submitted to complex load paths. The experiment results used in this work have been published by research groups, on the basis of mechanical tests measurements [40] [41] [42] . In order to perform numerical simulations, the model parameters must be identified. Isotropic and homogenous elasticity, described by shear modulus µ and Poisson's ratio ν, is assumed. A value of 0.5 for ξ (Eq. 8) reflects multiple slip, involving the mutual intersection of dislocations of different slip systems. The cells are assumed to be spherical. The geometry of the cells is fixed during deformation whereas the dislocation densities will evolve (Eq. 5). The initial texture is taken isotropic. It is described by three randomly generated Euler's angles. Lattice rotation and thus texture changes are incorporated in the model. The model calculations were performed for a set of 100 spherical inclusions. This number of crystallites has been chosen to simulate the polycrystalline aggregate in an efficient way. For f.c.c. metals, the plastic deformation was modelled assuming {110} 111 slip systems. In the case of b.c.c. materials, the slip occurs on {112} 111 and {110} 111 systems. The same initial CRSS τ α cr 0 is taken for each deformation mode. These CRSS are determined to reproduce the experimental yield stress. Only very few experimental results on the dislocation evolution is available. First, these values of parameters are chosen to be coherent with those given in the literature. After that, these parameters are adjusted so that the model gives a good fitting with the macroscopic experimental curve under monotonic deformation. This is justified since the parameters ρ 0 , y c (Eq. 6), k L (Eq. 7), ς (Eq. 11), and κ (Eq. 17) define the evolution of the dislocation density and the hardening behaviour. Therefore, they can be derived from the macroscopic behaviour. To determine the volume fraction, typical values for cell regions observed at small to moderate deformation, are adopted [3] . The k value (Eq. 16) for each material is determined by comparing with a classic EPSC model under monotonic deformation (in term of main active deformation systems, crystal reorientation).
Results of the micromechanical modelling
In this section, numerical results are presented in the case of monotonic and sequential loadings for single-crystals and polycrystals.
Monotonic loading
In order to validate the elasto-plastic single-crystal constitutive law, the numerical results are compared with different experimental results obtained by Pollnow et al. [40] and Keh et al. [41] . The used material is an α-iron single-crystal submitted to uniaxial tensions [40] and shear tests [41] with different loading directions. For each case, the identification procedure is made with a particular crystallographic orientation (Figs. 2a and 3a ). For the model verification, the material parameters are constant for the other crystallographic orientations (Euler angles are given in each figure). Table 1 gives the material parameters used for each set of mechanical tests. The elastic behaviour is considered as isotropic. Figures 2 and 3 show the simulation results for the monotonic tensions and shear tests and also the evolution of the internal stresses in cells and walls simulated. In general, the simulated results show that the major features in experimental stress-strain curves can be qualitatively captured. Figure 2c ,d show a slightly difference between the simulation results and the experimental data. In author's opinion, this difference seems to be due that the critical initial resolved shear stress which is taken the same for each slip system family. Introducing a difference between those families have been experimentally already enlightened [43] and used by Lorrain et al. [38] , for example, to make a comparison to the work of Rauch [44] . In Fig. 3b,d , disparity between the model and experimentally response is observed. It is probably due to the assumption of small deformation theory. Several improvements of the presented approach are necessary. For example, the description using large-scale transformations is required. Nevertheless, this comparison shows the qualitative capabilities of the present approach.
Due to the accumulation of dislocations within walls (nonlocal hardening effects), the internal stress inside walls is equal to approximately four times the macroscopic yield stress. The dislocation density within walls is much higher than the cells one. The relative deviation, for the reference orientation, varies between 0 and 10%. For the other cases, the maximum value reaches 20%.
Strain-path changes
The experimental data are extracted from Keh et al. [41] on five specimens. The results presented in this part correspond to a shear prestrain followed by an unloading and a subsequent shear test performed in another direction. The studied material is the same as before but not at the same temperature; it explains why some parameters are different from the previous part. In order to validate the model, the same procedure is adopted. Table 2 gives the parameters identified from the Fig. 4a. Figure 4b-d give the simulation results obtained with the parameters specified in the Table 2 . One can note an agreement between the experimental data and the numerical results, except on the Fig. 4c . In this case, the model underestimates the experimental curve. The change of the hardening rate at 10% total strain during Nevertheless, the present model is a reasonable compromise between complexity and accuracy with a limited number of parameters. From the results shown in Figs. 2, 3 and 4 , it is clear that the crystal plasticity theory can be used to accurately characterize the mechanical behaviour of cubic materials.
Change of loading path in f.c.c. polycrystalline material
The experimental results reported by Choteau et al. [42] for tension-compression tests on an AISI 316L austenitic stainless steel is used here to evaluate the capacity of the model to simulate correctly the different physical aspects of the polycrystal behaviour and the induced microstructure during complex load paths. The simulation results are compared with the experimental data for different pre-strain in tension: 1, 2, 3 and 4% for the first test. The input texture consisted of a set of 100 equally-weighted lattice orientations representing a random texture. The grains were assumed to be equiaxed. Since simulations are conducted until moderate strains, no update shape of the grains was considered. There were not any available experimental data, in the literature, concerning crystallographic and morphologic textures of the tested materials. Nevertheless, it is clear that the influence of crystallographic texture is negligible compared to the effects of internal stress state introduced by the preloading. The elastic behaviour is considered isotropic ( Table 3 ). The material parameters have been determined by fitting the experimental monotonic tensile curve (Fig. 5) . The parameters values are listed in Table 4 . A good correlation is obtained with the reference data. where f I represents the volume fraction of grain I . The material is initially homogeneous. This means that the elastic behaviour and the yield stress are uniform over the polycrystal. The two phases reach their yield limit at the same time which is an assumption that could be discussed. The material becomes heterogeneous since the wall phase is generated. Due to the non-local hardening (through the Eq. 4), high internal stresses are present in the wall phase. The induced microstructure appears with the plastic strain. The contrast between internal stresses within cells and walls appears coherent with the experimental one. Figure 5 shows simultaneously the third-order stresses σ I α 11 for each phase and the resulting mesoscopic stresses at the grain level σ I 11 just before the elastic unloading. This description permits to reveal the strong internal stresses induced in wall phase and the development of heterogeneities during plastic regime. The dislocation density in walls increases more than in cells. The internal stress difference as well as the induced yield stresses are due to this phenomenon. The internal stress inside walls is approximately equal two twice the macroscopic yield stress.
During the first loading, the mean volume fraction in walls [defined by (13) ] increases with the plastic deformation due to the development of dislocation density. It varies between 0.2 at 0% of plastic deformation to 0.27 after 5% tensile strain. Linked to the intergranular plastic heterogeneity, the evolution of volume fraction in walls depends on crystallographic orientations at the mesoscopic level. For example, in the less deformed crystallite, the volume fraction increases between 0.2 and 0.28 and, in the most deformed crystallite, the volume fraction increases between 0.2 and 0.25. Figure 6 illustrates the simulation results for tensioncompression tests using two different schemes: the EPSC model (for a pre-strain of 3%) and the present approach. The set of used parameters is summarized in Table 5 for the EPSC model. The hardening matrix contains only two terms H 1 and H 2 [15] , corresponding to weak and strong interactions between the slip systems. In our calculations, these terms are taken constant during the loading (linear hardening). The material is described by a set of 100 spherical grains with initial random orientation. The EPSC scheme fails to explain and reproduce correctly the softening effects during the compression loading. This method weakly takes into account the formation, the evolution and the stability of induced dislocations microstructures which are strongly path dependent. Even after a moderate strain, i.e. 2%, the disparity between the two approaches is marked. One can observed in Fig. 6 that the present model captures all the essential features (reloading yield stress, macroscopic work hardening) associated with the Bauschinger effect. These comparisons show that the difference can be explained by the internal stresses due to the first uniaxial loading. The Bauschinger effect is stronger with the nonlocal formalism because of the high third order stresses which are induced in this case compared to the second-order stresses obtained using the EPSC model. The EPSC does not reproduce quantitatively the Bauschinger effect which is strictly associated with the intragranular stresses. Due to the assumption of homogeneous plastic strain or strain rate inside the grains, the straininduced intragranular microstructures are neglected in the EPSC model. Because of the negative residual stresses due to the first solicitation, the plastic regime begins in cell phase before the wall one. As can be seen, the calculated values are lower than experimental ones but the differences are weak. The residual stresses due to the pre-straining and unloading have a significant effect on the macroscopic stress-strain behaviour through the resolved shear stress. This phenomenon is well captured by the model. The experimental and the predicted macroscopic stresses under reversed loading are always lower than the monotonic stress obtained at the same total strain.
Conclusions
In this paper, a new approach was developed to predict the elasto-plastic behaviour of single-crystals and polycrystalline aggregates under monotonic and sequential loadings. This approach is based on a two-level transition. The grain is considered as a two-phase material with cell walls (with high density dislocation) and cell interiors (with low dislocation density). A mechanical description of the grain is developed through a micro-meso transition based on a modified elastoplastic self-consistent approach. The intragranular heterogeneities are highlighted by a non-local work-hardening, which is linked to the two-phase description. The new expressions of the hardening law and the local elastoplastic consistent tangent moduli tensor have been determined taking into account internal variables like dislocation densities, volume fraction of cells, etc. Next, a meso-macro transition using a self-consistent model is used to deduce the macroscopic behaviour of the polycristal.
Different numerical results concerning the prediction of macroscopic behaviour of polycrystal and single-crystal with cubic symmetry are calculated. Correct agreement is observed between the simulation data and the experimental results at the meso-and the macroscopic levels. This comparison suggests the relevance of the proposed single-crystal elasto-plastic law and validates the scale transition method used for simple and complex loading paths.
It would be interesting to validate the present model with different two-stage strain path experiments (cross tests, reverse tests). This experimental study is beginning with various cubic alloys. A comparison with prior work of Peeters et al. [23] , Viatkina et al. [25] , for example, could be interesting to enlighten the relevance of this approach for FCC polycrystals and validate the scale transition method used. Several improvements of the presented approach are necessary. First, the description using large-scale transformations is required. The evolution of the microstructure should be taken into account in the model. The integration of microstructural morphology into micromechanical approaches via the double-inclusion model proposed by Hori and NematNasser [45] could be a possible (and interesting) solution for next investigations.
